AbsTrACT Objective Pancreatic ductal adenocarcinoma (PDa) is a highly metastatic disease with limited therapeutic options. genome and transcriptome analyses have identified signalling pathways and cancer driver genes with implications in patient stratification and targeted therapy. However, these analyses were performed in bulk samples and focused on coding genes, which represent a small fraction of the genome. Design We developed a computational framework to reconstruct the non-coding transcriptome from crosssectional rna-Seq, integrating somatic copy number alterations (Scna), common germline variants associated to PDa risk and clinical outcome. We validated the results in an independent cohort of paired epithelial and stromal rna-Seq derived from laser capture microdissected human pancreatic tumours, allowing us to annotate the compartment specificity of their expression. We employed systems and experimental biology approaches to interrogate the function of epithelial long non-coding rnas (lncrnas) associated with genetic traits and clinical outcome in PDa. results We generated a catalogue of PDa-associated lncrnas. We showed that lncrnas define molecular subtypes with biological and clinical significance. We identified lncrnas in genomic regions with Scna and single nucleotide polymorphisms associated with lifetime risk of PDa and associated with clinical outcome using genomic and clinical data in PDa. Systems biology and experimental functional analysis of two epithelial lncrnas (LINC00673 and FAM83H-AS1) suggest they regulate the transcriptional profile of pancreatic tumour samples and PDa cell lines. Conclusions Our findings indicate that lncrnas are associated with genetic marks of pancreatic cancer risk, contribute to the transcriptional regulation of neoplastic cells and provide an important resource to design functional studies of lncrnas in PDa.
InTrODuCTIOn
Pancreatic ductal adenocarcinoma (PDA) is the third-leading cause of cancer mortality in western countries, and is projected to become the secondleading cause by 2030, surpassed only by lung cancer. 1 The median overall survival of patients with PDA is less than 6 months, and only 8% of patients survive more than 5 years. 2 PDA is characterised by high penetrance mutations in four genes (KRAS, TP53, CDKN2A and SMAD4). Large-scale sequencing efforts also identified a host of low-frequency alterations in coding genes, with an average of 60 total per patient. However, while these efforts led to novel molecular classification approaches for the disease, it was learnt that only a low fraction of PDAs harbour 'actionable' mutations. [3] [4] [5] [6] [7] The introduction of unbiased expression profiling technologies like RNA-Seq has resulted in a greater appreciation for the extent of transcription arising from non-coding regions. 8 In particular, transcriptomic analyses across several human tissues and cell lines have identified roughly 10 000 long non-coding RNAs (lncRNAs), which are defined as transcripts longer than 200 nucleotides that lack coding potential. 9 10 To date, only a few cancer-associated lncRNAs have been extensively characterised 11 ; however, there is increasing evidence suggesting that these transcripts play a role in tumorigenesis: (1) genome-wide expression analysis showed that lncRNAs are deregulated in cancer and associated with tumour progression 10 ; (2) analysis of copy number somatic variations identified lncRNA drivers of tumorigenesis 12 13 ; and (3) 93% of the germline variants associated with risk susceptibility identified by genome-wide association studies (GWAS) map to chromatin-modified non-coding regions with the features of lncRNA loci.
14 Indeed, GWAS in PDA identified risk alleles near lncRNAs. 15 In light of these data, we hypothesised that lncRNAs are an integral part of the signalling pathways that regulate the initiation and progression of PDA, and we sought to develop a means to identify lncRNAs that play a role in this challenging disease.
Here, we present Non-coding RNA Identification (NORI), an open source computational tool, to identify lncRNAs using next-generation sequencing. We applied NORI to human PDA and identified lncRNAs that we further annotated with information pertinent to somatic recurrent genomic alterations, cancer-enriched germline variants and clinical prognosis. In addition, we determined epithelial or stromal expression by integrating a cohort of RNA-Seq samples obtained from a large collection of laser-captured microdissected (LCM)
non-coding rnA Identification
We developed NORI to identify lncRNAs from RNA-Seq data. We first used cufflinks 16 to reconstruct the transcriptome profiles on 109 TCGA Pancreatic Adenocarcinoma (PAAD) cohort. Then, individual transcriptome from each sample within the TCGA was merged into a single gene transfer format (GTF) file. Our NORI pipeline extracts a list of lncRNAs from the GTF file by removing transcripts if any of the following criteria were met: (A) they were overlapped with genes annotated in Ensembl and not annotated as 'lincRNA', 'non_coding', 'antisense', '3prime_overlapping_ncrna', 'processed_transcript', 'miRNA', 'misc_RNA', 'polymorphic_pseudogene', 'processed_ pseudogene' or 'pseudogene'; (B) overlapped with RefSeq genes (h19) annotated as protein coding, where the RefSeq ID began with 'NM'; (C) overlapped with pseudogenes from Pseudogene. org; (D) monoexonic or less than 200 bp in length; (E) predicted to have protein coding potential by the Coding Potential Assessment Tool (CPAT 17 ; coding probability >0.364); (F) gene-level maximum reads per kilobase of transcript per million mapped reads (RPKM) was less than 0.05 * n, where n is the number of samples. NORI is available for download at https:// github. com/ RabadanLab and accepts a number of optional arguments; see the vignette (browseVignettes ('NORI')) for more details.
expression data set preparation
For a given molecular feature list, for example, known coding genes/identified lncRNAs from NORI, we used featureCounts from package 'Subread' to call read counts from .bam files (TCGA/CUMC). Genes with low read depths across the cohort are removed. Then, read counts are transformed into RPKM values, followed by log2 transformation, and quantile normalised on sample level.
Molecular subtyping
To identify molecular subtypes with biological relevance, we select a subset of lncRNAs generated by NORI, based on expression correlation with PDA driver mutations. Mutation allele frequency of KRAS, TP53, CDKN2A and SMAD4 was downloaded from Cbioportal (http://www. cbioportal. org/ study? id= paad_ tcga# mutations). The association between lncRNA expression and mutation allele frequency was assessed by Spearman correlation. We only kept the transcripts from NORI with Spearman q-value <0.001 on at least one of the four drivers, Additionally, we determine whether the molecular subtyping of lncRNA transcription is an indirect reflection of the transcription of neighbour coding genes. We removed antisense lncRNAs and run-offs of coding genes by filtering lncRNAs that share an overlap with 10 kb up/downstream of a coding gene. NMF was performed as described above for the resulting 354 lncRNAs.
Differential expression analysis
DESeq2 was applied to call differential expressed genes between predefined groups with interests. 19 To generate the input matrix required by DESeq2, featureCounts was used to call raw read counts for both lncRNA and coding genes ( GRCh37. 75. gtf) on the TCGA cohort. 20 To investigate the biological content for each subtype defined by NMF clustering, one versus rest comparisons was performed using DESeq2 to identify subtype-specific expressed genes. We also made an additional analysis by comparing lncRNA clusters 1 and 2.
DESeq2 was used to distinguish lncRNAs enriched in the epithelium (n=66) and in the stroma (n=65) using the RNA-Seq from the CUMC cohort.
Overlap of lncrnAs with chromatin annotations of lncrnAs
For chromatin modifications we selected DNAse1 hypersensitivity, H3K27ac, H3K4me1 and H3K4me3 profiles tested on PANC-1 cell line (ENCODE). MACS2 outputted narrowPeak file was downloaded from UCSC Genome Browser for H3K27ac, H3K04me1 and H3K04me3. DNAse1 narrowPeak file was downloaded from Gene Expression Omnibus (GEO GSM736519). Overlapping of chromatin modifications or DNAse1 hypersensitivity with lncRNAs was assessed by calculating the ratio of overlapped lncRNA sequence with respect to the total length that we defined as percentage of overlapped region (POR). Controls were generated by keeping the same length and chromosome distributions as the tested lncRNAs. Significance was calculated by performing 10 000 permutation tests. P value is given by n/10 000, where n is the number of permutations that the control gave a larger POR than lncRNAs.
Next, we analysed the chromatin modifications at the transcriptional start site (TSS) of lncRNAs and coding genes. For each lncRNA/coding gene, the reads depth on each base at the TSS±1 kb was counted from the ChIP-Seq data sets (DNAse1, H3K27ac, H3K4me1 and H3K4me3) from PANC1 cells available at ENCODE. Raw counts are log transformed and averaged for total number of lncRNAs and coding genes, respectively.
Concordant lncrnA expression and somatic copy number alteration status
Somatic copy number alteration (SCNA) segment scores from TCGA PDA samples were downloaded from cBioportal (http:// www. cbioportal. org/). The correlation between segment scores and lncRNA expression was determined by Spearman correlation on patient level. Next, to determine the significance, we compared the lncRNA expression-SCNA correlations with random controls. To generate the controls, we randomly selected 85 lncRNAs and arbitrarily matched their expression with the original SCNA segment scores.
survival analysis
Overall survival and disease-specific survival records of TCGA PAAD cohort were downloaded from Cbioportal (http://www. cbioportal. org/ study? id= paad_ tcga# clinical). Survival analysis was conducted using the R package 'survival' and 'survcomp'. To demonstrate the clinical relevance of NMF clusters, patient survival in different subtypes was compared using Kaplan-Meier survival curves together with the log-rank test. To evaluate the prognostic power of an lncRNA on a specific sample set, we first split the cohort into two equal-sized subsets based on the median expressing value of the lncRNA, and then compare the survival differences between the two using the log-rank test.
regulatory network
The pancreatic cancer regulatory network was reverse engineered by ARACNe-AP 21 from the TCGA PAAD cohort. The RNA-Seq level 3 data were downloaded from TCGA data portal, raw counts were normalised to account for different library sizes after filtering out genes with less than one fragment per million mapped fragments in at least 20% of the samples, and the variance was stabilised by fitting the dispersion to a negative binomial distribution as implemented in the DESeq2 R package (Bioconductor). ARACNe was run with standard settings (using data processing inequality (DPI), with 100 bootstrap iterations using all gene symbols mapping to a set of 1813 transcription factors that includes genes annotated in the Gene Ontology (GO) molecular function database as GO:0003700 ('transcription factor activity'), GO:0004677 ('DNA binding'), GO:0030528 ('transcription regulator activity') or as GO:0004677/GO: 0045449 ('regulation of transcription')). In addition to these coding gene products, we added the 453 lncRNAs to the list of transcriptional regulators. Thresholds for the tolerated DPI and mutual information P value were set to 0 and 10-8, respectively.
Cell lines and transfection
PANC1, BxPC3, MiaPaCa2 and Aspc1 were passaged and maintained following standard techniques in 5% CO 2 % and 95% air cultured following manufacturer instructions (American Type Culture Collection ATCC). PANC1 cells that constitutively express the firefly luciferase gene (PANC1/Luc1) were generated by lentiviral transduction of a bicistronic expression vector with dtomato and luciferase (Addgene plasmid number 48688).
Cells were transfected with 5 nM siRNA targeting FAM83H-AS1 or LINC00673 and a non-targeting control (Silencer select, Ambion) using Lipofectamine 3000 following manufacturer's instructions (Life Technologies). siRNA sequences are listed in online supplementary table 1.
For SOX9 overexpression, SOX9 cDNA sequence (Origene, NM_000346) was cloned into pcDNA3. Cells were transfected with SOX9 and with an empty pcDNA3 vector as control. Transfection was done using Lipofectamine 3000 following manufacturer's instructions (Life Technologies). Cell lines were purchased and verified by ATCC, maintained at low passage and tested for mycoplasma.
splenic injection and live imaging
PANC1/Luc was transiently transfected 48 hours prior surgery with either control or targeted siRNA by using Lipofectamine 3000 (Invitrogen). Cells were harvested by trypsinisation and a 6 cells in 100 µL was prepared in phosphate buffered saline (PBS) and kept on ice before injection. Cells were injected into the spleen of 6-7 weeks of age NU/J male mice (002019, The Jackson Laboratories), keeping syringe inside spleen for 5 min after injection to allow tumour cells to drain. Tumour growth was monitored by bioluminescence imaging using the In Vivo Imaging System (IVIS) whole body imaging system. Luciferin substrate was given by intraperitoneal injection 10 min before imaging. Bioluminescence flux was quantified using live imaging software (Perkin Elmer). All procedures were approved by the Ethics Committee of Columbia University.
Cell cycle analysis
PANC1 cells were fixed in 70% ethanol 48 hours after transfection with the indicated siRNA and were stained with propidium iodide (final concentration 1 μg/mL). Cells were sorted by Fluorescence-activated cell sorting (FACS) and cell cycle distribution was analysed with FlowJo.
Western blot
Cell were lysed and proteins extracted following the whole-cell extract from adherent cells protocol provided with the Nuclear Extract Kit (Active Motif). Primary antibodies are listed in online supplementary table 1.
rnA extraction and qrT-PCr analysis
Total RNA was isolated from cultured cell lines using the RNeasy Mini Kit (Qiagen). RLT buffer was supplemented with 2-mercaptoethanol (Sigma-Aldrich) and DNase treatment was performed for 20 min using the RNase-Free DNase set (Qiagen). About 1 μg of total RNA was reverse transcribed into cDNA using random hexamers with SuperScript III First-Strand Synthesis kit (Life Technologies). About 20 ng of cDNA was used in the qRT-PCR reaction with iQ SYBR Green supermix (BioRad) and custom-designed primers. All experiments were calculated as a function of gene expression relative to either control TBP expression or GAPDH. qPCR data were expressed as mean fold change (2 -ΔΔCT ). Primers are listed in online supplementary table 1.
rnA-seq in PAnC1 and AsPC1
About 200 ng of total RNA from culture cell lines was subjected to transcriptome analysis. Total RNA was converted into cDNA libraries (TruSeq RNA Sample Prep Kit v2, Illumina) using poly-A pull down for mRNA enrichment. Sequencing was performed to a depth of 30 million pairs. Differential expression between replicates was assayed using DESeq2 (R package). All samples had RNA integrity number (RIN) values higher than 9.0 as determined with Agilent Bioanalyzer 2100. Complete RNA-Seq data are available through GEO Express GSE96931.
Gene set enrichment analysis
We used gene set enrichment analysis (GSEA) software with defined gene sets (MSigDB, v6.1) to investigate molecular profiles enriched before and after targeting the expression of LINC00673 and FAM83H-AS1. Overlap with SOX9 target genes was performed using the gene set CATTGTYY_SOX9_B1 from the Broad Institute. Phenotype labels were created for siCTRL and siRNA. siRNA1 and siRNA2 versus siCTRL were assessed independently. Genes with Fragments Per Kilobase of transcript per Million mapped reads (FPKM)=0 across all samples studied were removed from the gct file for GSEA analysis. Parameters used were Collapse data: false, Permutation type: gene_set, 1000 permutations, Chip platform: gene symbol.
Gene set variation analysis
We used the R implementation of single sample GSEA: gene set variation analysis with default parameters 1. The input expression matrix was filtered for the most variable 75% of the genes. For annotation of epithelial subtypes, we tested a set of gene sets shown previously to be discriminating between molecular subtypes of PDA. 3 7 Differential enrichment analysis of these gene sets between the different siRNA treatments was carried out using the limma R package 4 and an false discovery rate FDR<0.1 was considered significant.
Clonogenic assay
Human pancreatic cancer cell lines were transfected with targeting siRNAs and siCTRL in triplicate. Forty-eight hours after transfection, cells were detached and 5−10×10 3 cells were seeded in triplicate in six well plates and incubated to allow colony formation for 10-14 days. Colonies were visualised by staining with crystal violet and quantified with image J (http:// rsb. info. nih. gov/ ij/).
Migration assay
Cells pretransfected 48 hours before with siCTRL or siRNA-1 were seeded (50×10 3 ) onto transwell membrane inserts in 2% fetal bovine serum (FBS) culture media (5 µm pore, Corning). Regular media was added to the lower chamber and cells were incubated for 12 hours at 37°C. After incubation, cells that migrated across the membrane were fixed and stained with crystal violet. For each membrane, the same nine randomly distributed fields were counted. The data represent the mean of three independent experiments performed in triplicate.
Immunofluorescence
Cells were platted onto coverslips and fixed with 4% paraformaldehyde for 5 min and 100% methanol for additional 5 min. After fixation, coverslips were kept at 4°C submerged in PBS. For immunofluorescence, coverslips containing fixed cells were blocked in 5% serum in 1×PBS+0.5% Triton-X for 30 min. Primary antibodies were diluted in blocking buffer and incubated overnight at 4°C. The primary antibody used was rabbit α-Vimentin (1:500; ab92547, Abcam). Coverslips were incubated with appropriate secondary antibodies conjugated to DyLight-488 (Jackson Immunoresearch). DAPI (1∶1000; Invitrogen) was applied for 30 min following secondary antibody incubation.
Code availability
The NORI framework is fully available for academic use on Github (https:// github. com/ RabadanLab/ NORI).
resulTs

Identification of lncrnAs in PDA
We developed NORI, a computational approach to annotate and characterise the non-coding transcriptome using next-generation sequencing data ( figure 1A ). We applied NORI to reconstruct the non-coding transcriptome of 109 PDA human samples deposited at TCGA. We identified 3433 lncRNAs including several described as drivers of tumour progression or as functional regulators of organ development such as UCA1, 22 26 These data confirm the capability of NORI to 
Molecular subtyping defined by the expression of lncrnAs
Global analyses of coding transcripts in PDA have been used to dissect molecular subtypes of the disease. 3 6 7 We investigated whether lncRNAs might prove useful for the classification of molecular subtypes independent of coding genes. Because expression profiles from TCGA samples represent a mixture of both malignant epithelial cells and stromal cells, we used a computational approach to focus our classification effort on lncRNAs whose expression correlates with the allele frequency (see  the Materials and methods section, online supplementary table  3) . We used the resulting 652 genes to define molecular subtypes, applying NMF to 147 PDA samples from the TCGA. This analysis revealed the presence of three molecular subtypes, with a cophenetic coefficient of 0.9931 (figure 1B, online supplementary figure 1 ). To determine whether molecular subtyping was an indirect effect of the transcription of neighbour coding genes, we removed lncRNAs that were within 10 kb of coding genes and still obtained very similar clustering (P=7.01 10 −50 χ 2 test, online supplementary figure 2). Clusters 1 and 2 were associated with elevated mutant KRAS allele frequencies, while tumours in cluster 3 were associated with low frequencies, perhaps indicating that this group emerged because of the inclusion of higher amounts of stroma and/or infiltrated normal tissues. Analysis of outcomes data available through the TCGA indicated an association of tumours from cluster 2 with reduced disease-free survival relative to those in clusters 1 and 3 (log-rank test, P=0.0028) ( figure 1C) .
To understand the biological significance, we performed differential gene expression analysis ( figure 1D , online supplementary table 4). In cluster 1, we observed enrichment of transcription factors necessary in pancreas development, including FOXA2, FOXA3, GATA6, GATA4, PDX1, MNX1, HNF1b, HNF4g and HNF4a. 3 Many of these genes, as well as others involved in lineage specification, are enriched in the previously identified 'Classical' molecular subtype, which was associated with improved overall survival relative to the 'Basal-like' subtype. Notably, cluster 2 included several genes found in the Basal-like subtype and associated with epithelial to mesenchymal transition (EMT), including TP63, CAV1, SNAI2, MET, HMGA2 and TGFβ. Finally, in cluster 3, we observed genes related to digestive processes (PLA2G1B, PRSS1, PRSS3), endocrine function (INS, GCG, SST) and the immune system (CD48, CCR2, GIMAP proteins), suggesting that this subtype is defined by the contributions of non-neoplastic cell types. Together, these findings demonstrate that lncRNAs reflect the heterogeneity of biological processes in PDA with relevance to clinical outcomes.
Annotation of lncrnAs in PDA
We next sought to prioritise the 3433 lncRNAs expressed in PDA. First, we filtered out low-abundance transcripts, yielding 453 lncRNAs with a mean expression >1 RPKM. Next, we investigated the association of lncRNAs with relevant genomic and clinical features of the disease, including: (1) proximity to PDA-associated coding genes 27 ; (2) location within SCNA in PDA; (3) proximity to germline variants identified in GWAS; and (4) correlation with clinical outcome data (figure 2A, online supplementary table 2). As expected, analysis of chromatin modifications at these loci found significant enrichment of accessible chromatin regions related to transcriptional activity ( figure 2B, online supplementary figure 3 ; P<0.001, permutation test). Nonetheless, this analysis allowed us to discriminate between bona fide lncRNAs and spurious transcripts or sequencing artefacts.
Somatic copy number alterations
SCNAs are frequently the subject of clonal selection during tumour progression. However, many SCNAs lack known coding tumour drivers, 28 29 perhaps suggesting that unknown non-coding drivers may be located within these genomic regions. Analysis of SNP data by GISTIC2 in the TCGA cohort revealed 56 recurrent SCNAs, 23 amplifications and 33 deletions, including known events in PDA such as amplification of GATA6, KRAS and MYC; and deletions of CDKN2A and SMAD4. We examined the overlap of SCNA genomic locations in PDA with our candidate lncRNAs and observed that 85 of 453 lncRNAs were located within the 56 SCNAs identified in the same cohort of patients (online supplementary table 2). Significantly higher lncRNA expression-SCNA correlations were found in the 85 paired lncRNAs than in random controls ( figure 2C) . Among those lncRNAs, we detected the expression of PVT1, 13 LINC-PINT 30 and the antisense lncRNA for GATA6. Given the paucity of established cancer-associated lncRNAs, the identification of several such genes in PDA-associated SCNAs serves as conceptual validation for this approach.
Germline variants associated with PDA
GWAS studies have identified 14 genetic loci associated with increased or reduced lifetime risk of PDA. 15 Interestingly, four of these loci map to genomic regions known to contain functional lncRNAs (PVT1, LINC-PINT, PDX1-AS1 and LINC00673) while several others mapped to unannotated non-coding regions. 31 We performed a similar analysis and identified five candidate lncRNAs within loci that harboured somatic SNP variants associated with increased risk of PDA (online supplementary table 2). We detected expression of PVT1, LINC-PINT and LINC00673. In addition, we identified a novel lncRNA located on chromosome 9q34.2 near the ABO gene that is associated with PDA risk; and LINC01829, located on chromosome 2p14 upstream of ETAA1, a recently characterised protein involved in DNA damage signalling. 32 Furthermore, analysis of chromatin features and topological-associated domains (TAD) in PANC1 cells showed chromatin interactions with distant SNPs, suggesting a cis-regulation ( figure 2D, online supplementary figure 4) . Overall, we identified expression of five PDA lncRNAs that are near SNPs associated with increased risk of pancreatic cancer.
Association with clinical outcome
We also examined the association between the expression of each lncRNA and overall or disease-free survival in the TCGA cohort. We observed that 23 (5.3%) and 36 (7.9%) of 453 lncRNAs were significantly (P<0.05) associated with overall survival and disease-free survival, respectively (online supplementary table 2). This is similar to the fraction of coding genes that are associated with survival and progression differences in PDA (5.7% and 4.1%, respectively), further supporting a possibility of a functional role for lncRNAs in driving PDA.
In summary, we have generated a large-scale resource describing lncRNAs expressed in PDA annotated with information on their expression level, association with genomic landmarks and association with clinical outcomes. We expect this resource will serve as an aid for functional studies on the contribution of lncRNAs to the progression of pancreatic cancer.
Independent validation of PDA lncrnAs using compartmentspecific expression data
Previous studies using both correlative and functional analyses have established that lncRNAs can act as regulators of oncogenic pathways in malignant cells. 33 34 However, bulk tumour RNA-Seq contains a mixture of transcripts originating from neoplastic epithelial cells and non-neoplastic stromal cells. To explore the cellular origins of the candidate lncRNAs, we performed RNA-Seq on LCM samples from 65 patients with human PDA who underwent resection at the Pancreas Center He et al, in revision) . Notably, we detected 80% of the 453 candidate PDA lncRNAs in the CUMC cohort, providing an independent validation set for our earlier analysis. We annotated each lncRNA with its relative enrichment in the stroma or epithelium of PDA samples (online supplementary table 2). We identified 138 compartment-enriched lncRNAs (q<0.05, DESeq2) of which 94 are enriched in the epithelium and 44 in the stroma ( figure 2E, online supplementary table 5 ). The expression of the top 10 epithelial and stromal candidates as detected by RNA-Seq is depicted in online supplementary figure  5 . We validated the expression of 8 of the 10 epithelial candidates by orthogonal methods in a pool of six random epithelial and stromal samples from the CUMC cohort (figure 2F). Consistent with previous clustering results, we identified two molecular subtypes in the CUMC cohort that were functionally characterised by gene sets associated with differentiation state (online supplementary table 6). Overall, these analyses validate the expression of selected lncRNAs in two independent PDA cohorts and confirm our non-coding transcriptome reconstruction approach. Together, these data provide a rich resource of validated PDA-associated lncRNAs annotated with information on their compartment of origin.
Functional validation of epithelial lncrnAs
Next, we sought to study the functional roles of top candidate PDA-associated lncRNAs. We focused our analysis on lncRNAs enriched in the epithelium as potential regulators of molecular pathways altered in malignant cells. In addition, we selected lncRNAs located in genomic regions that have been associated with focal amplification or deletions as potential drivers of tumour progression. We became interested in FAM83H-AS1 and LINC00673.
FAM83H-AS1 is the antisense of FAM83H, a recently described coding gene required for the organisation of the keratin cytoskeleton in epithelial cells. 35 The two genes share a promoter region but transcribed in opposite directions ( figure 3A) . FAM83H-AS1 is located on chromosome 8 on a genomic region frequently amplified in PDA (8q23.3-8q24.3). We found that FAM83H-AS1 expression correlates significantly with amplification (r=0.67, P=6.5×10 −21 , online supplementary figure  6 ). RefSeq gene annotation and ENCODE data indicate that it has four exons and that it is located in an actively transcribed chromatin region in PANC1 ( figure 3A, online supplementary  figure 7) . Importantly, high expression of FAM83H-AS1 showed a borderline association with poor clinical outcome (P=0.056, figure 3B ) and FAM83H-AS1 expression across a panel of cancer cell lines showed elevated expression in PDA lines ( figure 3C) . We explored the function of FAM83H-AS1 by targeting the gene with two siRNAs in Aspc1 cells, each of which resulted in >60% knock-down efficiency ( figure 3D ). RNA-Seq analysis with transient knock-down of FAM83H-AS1 identified 1309 and 2721 differentially expressed genes with siRNA1 and siRNA2, respectively, and principal component analysis (PCA) clustered samples according to the siRNA ( figure 3E ). There was significant overlap in the sets of genes differentially expressed in response to the two siRNAs (Fisher's exact test, P<2.2×10 −16 ), as expected ( figure 3F ). GSEA of common dysregulated gene sets suggests a less aggressive phenotype when FAM83H-AS1 is downregulated, consistent with our observation of a worse prognosis for pancreatic tumours expressing high levels of 
FAM83H-AS1
As a complementary approach to understand the functions of this lncRNA, we used an information theory-based systems biology technique called regulatory network analysis. Briefly, a regulatory network delineates interactions between regulatory genes (ie, genes whose activity alters RNA transcript abundance) and their target genes. We used the ARACNe algorithm 36 to reconstruct de novo a regulatory network from TCGA expression data in an unbiased manner (online supplementary table 8) , providing a list of inferred target genes for known transcription factors as well as the 453 lncRNAs defined above. The network comprised over 300 000 total interactions between 1813 total regulatory genes and 453 lncRNAs. In particular, ARACNe inferred 146 potential target genes for FAM83H-AS1, including 78 positive (activated) targets and 68 negative (inhibited) targets. Computed overlap with gene sets (MSigDB v6.1) found that genes inferred to be negatively regulated by FAM83H-AS1 were associated with more benign processes while positive inferred targets of FAM83H-AS1 were associated with more malignant processes (online supplementary figure 8B, online supplementary table 8). Together, these data are consistent with a role for FAM83H-AS1 in promoting tumour progression.
Another top candidate identified in our analysis is LINC00673, a transcript that is among the most epithelial-enriched PDA-associated lncRNAs. LINC00673 is located in a recurrent, focally amplified region in PDA and is linked to a PDA-associated SNP. It is located approximately 275 kb telomeric of SOX9 (online supplementary figure 7) . Notably, SOX9 is a well-known transcription factor expressed in multipotent pancreatic progenitor cells and is required for the neoplastic transformation of PanIN lesions in a mouse model of PDA. 37 ChIP-Seq analysis from ENCODE in PANC1 cells showed enrichment of chromatin modifications associated with active transcription at the promoter of LINC00673 in PANC1 cells ( figure 4A ). In addition, we detected that LINC00673 expression correlates with SCNA (r=0.39, P=1.3×10 −6 , online supplementary figure 6 ) and high expression of LINC00673 in TCGA PDA samples is significantly associated (P=0.050) with better survival (figure 4B). Expression analysis across various cell lines showed widespread LINC00673 expression in PDA cells ( figure 4C) .
To test the function of LINC00673, we silenced its expression in PANC1 cells through transient transfection with two different siRNAs. Each siRNA efficiently downregulated the expression of LINC00673, although to different levels ( figure 4D ). To gain insight into the mechanism of action of LINC00673, we profiled gene expression in PANC1 cells following LINC00673 silencing. The resulting RNA-Seq profiles clustered by treatment group by PCA ( figure 4E) . Notably, there was a significant overlap in the sets of genes dysregulated by the two siRNAs (Fisher's exact test, P<2.2×10 −16 ) with a larger total number of differentially expressed in cells treated with the more effective siRNA (figure 4F), consistent with a dose-dependent effect. Critically, GSEA performed on the differentially expressed genes from each siRNA revealed many overlapping processes, particularly pathways related to EMT in downregulated genes (online supplementary figure 9A , online supplementary table 9). Next, we applied regulatory network analysis to identify candidate target genes for LINC00673. We inferred 123 potential targets of LINC00673, including 91 positive and 32 negative targets. Functional analysis of cells transiently depleted of LINC00673 by siRNA shows impaired colony formation, and this effect cannot be explained by defects in cell cycle (online supplementary figure 10) . Interestingly, the less efficient siRNA2 produced an intermediate phenotype, again supporting a dose dependency in the function of LINC00673 ( figure 5A ). These results were reproduced in two additional human PDA cell lines, MiaPaca2 and BxPC3 (online supplementary figure 11 ). Furthermore, we observed that knock-down of LINC00673 resulted in increased cell motility in several PDA cell lines (figure 5B, online supplementary figure 12), consistent with the effects of EMT. In addition, we assessed the metastatic potential of PDA cells after LINC00673 downregulation by injecting PANC1/ Luc cells pretreated with siCTRL or siRNA1 in the spleen of nude mice. We determined that PANC1 cells were more efficient in producing metastatic lesions when LINC00673 was downregulated ( figure 5C ). Overall, these data suggest that LINC00673 regulates in vitro and in vivo the metastatic potential of PDA cell lines.
Examining the genes dysregulated by LINC00673 silencing, we found that the most strongly upregulated gene was MET ( figure 5D ), a receptor tyrosine kinase involved in motility, migration and invasion in PDA cell lines. 38 We confirmed this finding by qRT-PCR and observed that upregulation of MET was associated with downregulation of epithelial markers such as FOXA1 and CDH1 ( figure 5D ). In addition, loss of LINC00673 induced a mesenchymal phenotype evidenced by gain of vimentin expression (figure 5E,F, online supplementary figure 13 ). We were unable to confirm a role of LINC00673 in the stimulation of extracellular signal-regulated kinase signalling pathway in PDA cell lines, as previously suggested (online supplementary figure 14) . 39 Genetic downregulation of MET did not prevent the increased migratory capacity of PANC1 cells, suggesting that a global transcriptome switch or loss of differentiation status mediates this aggressive behaviour (online supplementary figure 15 ). Consistently, we observed enrichment of squamous (log2 fold change 0.86, Padj=0.03) and quasimesenchymal subtype (QM, log2 fold change 0.70, Padj=0.07) molecular classifiers after downregulation of LINC00673 with siRNA1 in PANC1 cells (figure 5G). No significant enrichment was found with the less efficient siRNA2, overall suggesting that LINC00673 is required to maintain epithelial differentiation and prevent expression of mesenchymal markers.
Since SOX9 is located in close proximity to LINC00673, we hypothesised that SOX9 could influence LINC00673 function. We did not detect changes in SOX9 protein following LINC00673 knock-down (online supplementary figure 14) ; however, we observed significant dysregulation of SOX9 target genes, particularly the classical target and known mediator of pancreas differentiation, FOXA1 (figure 5H). 38 Overexpression of SOX9 resulted in a significant upregulation of FOXA1 that was partially abrogated by LINC00673 downregulation ( figure 5I, online supplementary figure 16 ). These data suggest that LINC00673 participates in the functional regulation of SOX9. Supporting this hypothesis, analysis of the potential SOX9 target genes in PDA identified overlap with gene sets related to the maintenance of epithelial features such as cell-cell junction, apical junction complex and epithelium development (online supplementary table 8), consistent with the downregulation of FOXA1 and CDH1 mediated by LINC00673.
Overall, we provided experimental and clinical evidence suggesting that loss of LINC00673 induced a loss of epithelial differentiation in PDA cells, and this is reflected in poor clinical outcome in low LINC00673 tumours, increased migratory capacity in vitro and in vivo, and loss of epithelial and gain of mesenchymal markers in vitro and in tumour samples.
DIsCussIOn
Our understanding of the role of lncRNAs is rapidly evolving from spurious expression of 'junk DNA' to the current understanding that many such genes play a direct functional role in biology. As a whole, a consensus is beginning to emerge that lncRNAs act as critical modulators of cellular regulatory states. In particular, many lncRNAs contribute to the process of lineage specification, a critical need in the evolution of complex organisms with hundreds or thousands of discrete cell types.
Cancer is also intimately linked to cellular differentiation; indeed, loss of differentiation is one of the cardinal features of the disease, both at the point of initiation and during tumour progression. Individual examples of lncRNAs with functional roles, such as XIST 40 and HOTAIR, 41 serve as important proofs of principle for the potential contributions of lncRNAs. Likewise, analysis of recurrent SCNA identified FAL1, an oncogene frequently amplified in ovarian cancer 42 ; PVT1, coamplified with MYC 13 ; SAMMSON, frequently amplified in melanoma and required for mitochondrial function. 12 However, overall such efforts have been limited to small numbers of lncRNAs, 43 to small numbers of samples, 44 or by the constraints of array-based technologies. 45 In general, global analysis of lncRNAs has been hindered by a paucity of tools for their identification, annotation and prioritisation. We believe the open-source NORI tool and other computational approaches used here provide a useful framework for investigating lncRNAs in cancer using publicly available RNA-Seq data such as that available through TCGA.
In this study, we presented an analysis of lncRNAs expressed in PDA that we validated in two independent cohorts of PDA samples. We used NORI to reconstruct the global expression of lncRNAs and then applied a series of computational criteria to probe their association with features of pancreatic malignancy. For example, localisation of candidate PDA lncRNAs to SCNA is of interest because many such regions selected during tumour evolution are devoid of known coding oncogenes or tumour suppressor. 28 29 Likewise, germline variants associated with risk susceptibility identified by GWAS very frequently map to non-coding regions. Global gene expression analysis shows that lncRNAs in trait-associated loci are expressed in cell types relevant to the trait, again suggesting a role of lncRNAs in disease. 46 By applying multiple such criteria, we prioritised those lncRNA candidates with the highest likelihood of playing a functional role in PDA.
It was therefore notable to us that many of the resulting PDA-associated lncRNAs identified were related at some level to pancreatic lineage specification. In particular, one of our top candidates, LINC00673, is located next to SOX9 and regulates the expression of several SOX9 target genes. Although we did not detect changes in SOX9 expression mediated by LINC00673, lncRNAs have been found to interact with related protein SOX2 to regulate downstream targets. 47 We also detected lncRNAs located in proximity to GATA6 and FOXA2, both important transcription factors involved in pancreas development. These Pancreas findings are consistent with the paradigm that loss of developmental genes affecting the terminal differentiation of epithelial cells contributes to tumour progression, both generally [48] [49] [50] and specifically in the pancreas. 51 Furthermore, our data are consistent with previous reports showing that lineage determinants, such as GATA6 and PDX1, are amplified or reactivated at the initiation of PDA (and thus behave as oncogenes); however, their expression may be lost during tumour progression, perhaps contributing to the subsequent loss of epithelial character. 48 52 Together with early evidence suggesting that reprogramming of chromatin domains is associated with the acquisition of metastatic clones, 53 our data support a model in which lncRNAs play a role in the metastatic progression of PDA.
Our focus on lncRNAs expressed in the neoplastic epithelium was greatly facilitated by a unique RNA-Seq data set derived from LCM human pancreatic tumours, which also served as a means for independent validation of candidate lncRNA expression. However, we do expect that lncRNAs will also play an important role in the biology of stromal cells. For instance, among the top enriched stromal lncRNAs, we identified HAND2-AS1, a promoter-associated lncRNA, that has been recently shown in a knockout mouse model to regulate the expression of HAND2, 54 which is involved in paracrine stroma-to-epithelium signalling in the uterus. 55 Further investigation of these stroma-enriched lncRNAs is warranted.
LncRNAs are emerging as essential players in the biology and progression of cancer as active regulators of coding gene expression. Critically, the recent Food and Drug Administration approval of the first antisense therapy provides a viable, practical approach for leveraging this new understanding of cancer biology. Nusinersin (Spinraza, Biogen) is an antisense oligonucleotide directed against the splice junction of SMN2, a paralogue of the SMN1 that is mutated in spinomuscular atrophy. This and other clever strategies may be employed to modulate lncRNA function in vivo, providing a whole new tool set to control and reverse the regulatory states that drive malignancy.
